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1. Introduction 
Resistance of bacteria to penicillins and cepha- 
losporins is often due to the production of a /3-lac- 
tamase (penicillinase), which results in the degrada- 
tion of these clinically important antibiotics. Rela- 
tively little is known regarding the catalytic mecha- 
nism by which /3-lactam ring hydrolysis occurs. 
Although studies with inhibitors [l-8] and poor 
cephalosporin and penicillin substrates [9-l 1 ] suggest 
the intermediacy of an acyl-enzyme, the existence of 
such an intermediate in the catalysis of good (specific) 
substrates must still be considered speculative. In fact 
the lack of definitive evidence for an acyl-enzyme 
intermediate in penicillin catalysis has been held to 
support a general-base-type mechanism [ 121. 
Studies on the site acylated by penicillin G and a 
specific substrate in 2 bacilliary carboxypeptidases 
[ 13,141 have shown striking homology with the sites 
of several /3-lactamases acylated by a variety of inac- 
tivators [7,15,16]. Here, we show that a covalent 
intermediate, consistent with an acyl-enzyme, is 
formed in the reaction of@lactamase I (from B. cereus 
569/H) with the specific substrate dansyl-penicillin 
and can be trapped at low pH. 
2. Materials and methods 
P-lactamase I was prepared and assayed by standard 
procedures [ 171. Dansyl-penicillin was synthesized as 
follows: A solution of 4.5 g 6-aminopenicillanic acid 
in 300 ml 3% sodium bicarbonate/300 ml acetone 
was mixed with 4.5 g dansyl-chloride in 40 ml acetone. 
The mixture was stirred at room temperature for 2 h, 
filtered and the acetone removed under vacuum. The 
aqueous residue was extracted twice with ether and 
the latter discarded. The aqueous phase was further 
extracted with 2 X 100 ml butyl-acetate at pH 2. The 
aqueous phase was then titrated with bicarbonate to 
pH 7.8 and lyophillized. The product, the potassium 
salt of dansyl-penicillin was homogeneous by several 
TLC systems. 
The low-pH intermediate trapping experiment was 
carried out as follows: 0.1 ml enzyme (35 mg/ml) in 
pH 5.5 buffer, was added to 0.9 ml solution of dansyl- 
penicillin in pH 2.0 aqueous buffer (either Ha/KC1 
or HCI/HAc) at 4’C, to give a substrate/enzyme ratio 
of 100: 1. Five volumes of acetone were immediately 
added to precipitate the protein; after centrifugation 
and washing twice with acetone, the pellet was taken 
up in 5 M Gu . HCl. The stoichiometry of the labelled 
enzyme was determined from standard calibration 
curves using dansyl-penicillin or its hydrolysis product 
(excitation 350 nm, emission 550 nm) as a function 
of pH and solvent. Linear log-log plots of fluores- 
cence emission intensity vs concentrations were 
obtained over 3-4 orders of magnitude of concentra- 
tion. The stoichiometry of the labelled protein was 
usually determined at pH 4.3 in the presence of 5 M 
Gu . HCl since the sensitivity was much higher than at 
pH 2. 
Peptide fragmentation was performed by digesting 
the dansyl-penicillin-P-lactamase I(2 mg) with pepsin 
(200 pg) for 1 h at pH 2.0, 25’C. 
3. Results and discussion 
Dansyl-penicillin was the substrate of choice for 
this investigation on the basis of its fluorescence 
properties, which provide a sensitive means of detect- 
ing its presence, and its catalytic properties, which 
show it to be as good a substrate as benzyl-penicillin 
(penicillin G). The catalytic parameters were deter- 
mined as follows: k, = 2 X lo3 s-l, Km = 200 PM, 
and kcat/Km = 1 X 10’ M-’ s-’ (pH 7.0,25’C). 
The approach chosen to demonstrate the presence 
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To build up a significant concentration of the 
intermediate; 
To rapidly denature it; 
To subject the denatured (hence trapped) acyl- 
enzyme to gel tiltration under conditions where 
coelution of the fluorescence label with the 
enzyme would signify a covalent linkage; 
To use protease fragmentation and enzyme diges- 
tion to locate the site, or sites, of covalent attach- 
ment. 
Three different methods to trap the putative acyl- 
enzyme were investigated. Two utilized very low 
temperatures, in conjunction with cryosolvents, to 
accumulate the intermediate, followed by rapid 
denaturation [ 181. The third method, reported herein, 
made use of the fact that the enzyme is rapidly inac- 
tivated by acid, and yet the anticipated rate of 
deacylation at low pH should be quite slow (assuming 
deacylation is dependent on a pK > 4). 
The inactivation of P-lactamase I at pH 2.0 was 
monitored by the intrinsic fluorescence mission of 
the enzyme at 4”C, where the half-life was found to 
be 30 s. Since formation of the putative acyl-enzyme 
would be a very facile process as it involves opening 
of the strained fl-lactam ring, it is reasonable toassume 
that deacylation would be slower and hence probably 
rate-limiting. If this is so, one can calculate that at 
pH 2,4”C the rate of deacylation will be comparable 
to, or somewhat faster than, that of inactivation. 
Therefore, if the enzyme were added to a solution of 
substrate at pH 2.0 a competition would be established 
between denaturation and acrylation; similarly any 
acyl-enzyme formed would also be subject o a com- 
petition between denaturation and deacylation. 
When P-lactamase I at pH 5 was added to a solu- 
tion of dansyl-penicillin atpH 2,4”C, the apparent 
rate of inactivation, as measured by changes in the 
intrinsic fluorescence of the enzyme, was unchanged. 
No turnover was observed under these experimental 
conditions. The enzyme-substrate complex was 
precipitated by the addition of acetone and centri- 
fuged. The pellet was dissolved in 5 M Gus HCl. From 
measurement of the fluorescence mission, and 
knowledge of the enzyme concentration, a 1:0.9 f 0.1 
stoichiometry of enzyme to substrate was calculated. 
T’he dissolved pellet was subjected to gel filtration on 
Sephadex G-25 using 5 M Gu . HCl as eluant. The 
fluorescent label co-chromatographed with the enzyme 
with no significant change in the stoichiometry of 
substrate to enzyme. In control experiments in which 
either the substrate was added to the enzyme, already 
incubated at pH 2.0 (and hence inactive), or the 
enzyme was pre-inactivated with 6-fl-bromopenicillanic 
acid, <0.02 mol bound substrate/m01 enzyme were 
found in the pellet, indicating that the dansyl-penicillin 
binds to the active site and that non-specific interac- 
tions are minimal. Thus, we conclude that the inter- 
mediate trapped by this low-pH procedure involves 
covalent bonding between enzyme and substrate, 
with the substrate bound in the active-site. 
Dialysis of the dansyl-penicillin-labelled enzyme 
against 5 M Gu . HCl solutions at various pH-values 
confirmed the acid-stability of the labelled derivative, 
but indicated lability in neutral or alkaline solutions 
(fig. 1). In [ 141 a similar acid stability for the penicil- 
loyl moiety bound to B. stearothemophilis carboxy- 
peptidase was described, and its susceptibility to base- 
catalyzed hydrolysis interpreted to indicate an ester 
linkage [141. If an aliquot of the dansyl-penicillin- 
enzyme derivative at pH 2.0 was added to pH 7.0 
buffer at 25°C the loss of the label could be followed 
by changes in its fluorescence spectrum. Over 65% of 
the label was lost with a first-order ate constant of 
9 X lo-’ s -I. Presumably this rate is that of the 
renaturation of the acyl-enzyme at pH 7.0. Analysis 
of the product by TLC indicated it co-chromato- 




I 2 3 4 5 6 7 6 9 
PH 
Fig.1. pH-Stability of the dansyl-penicillin-p-lactamase com- 
plex. Labelled enzyme was dialyzed against 5 M Gu . HCI at 
the pH values shown for 1 h at 4°C. The molar ratios of 
enzyme-bound ansyl-penicillin are corrected for the effect 
of pH and denaturant on the fluorescence intensity. SB is the 
bound substrate. The decreased ratios of SB/E at higher pH 
reflect the lability of the denatured acylenzyme under 
these conditions, since the fluorescence of the covalently 
bound dansyl-penicillin is much greater than that of dansyl- 
penicilloic acid (see text). 
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The dansyl-penicillin+lactamase I complex was 
found to be sufficiently stable at pH 2 in the absence 
of additional denaturant to permit digestion of the 
labelled enzyme with pepsin. The resulting peptide 
fragments were initially subjected to gel filtration on 
Sephadex G-25. The rationale behind this method 
was that the anticipated dansyl-penicillin peptide 
would be rather hydrophobic and thus retarded by 
the non-polar adsorption properties of Sephadex 
G-25. Comparison of the absorbance and fluorescence 
of the eluant revealed 4 peaks, the last 2 both having 
fluorescence emission from the dansyl group. The last 
peak to elute was shown to confain dansyl-penicil- 
linoic acid. The preceding fluorescent fraction pre- 
sumably contained the desired dansyl-penicillin-pep- 
tide and other peptides with hydrophobic side-chains. 
The desired fraction was subjected to high-voltage 
paper electrophoresis at pH 1.4 which revealed a 
single fluorescent spot, which was then eluted. The 
preliminary results of subsequent studies on this 
fluorescent peptide, using a variety of purification 
techniques, end-group analysis, and carboxy- and 
amino-peptidase sequencing, are consistent with 
attachment of the dansyl-penicillin to Ser-44. 
that P-lactamase catalysis of specific penicillin sub- 
strates proceeds via a covalent intermediate. More- 
over, the preliminary elucidation of the site of attach- 
ment of the substrate is consistent with the postulated 
relationship between the /3-lactamases and the penicil- 
lin-sensitive enzymes of the bacterial cell wall. 
Acknowledgements 
We are most grateful to Dr Stephen Waley, Oxford, 
for supplying /3-lactamase I and 6-fi-bromopenicillanic 
acid, and for providing facilities for the peptide 
sequencing, as well as many useful discussions. This 
research was supported by grants from the National 
Science Foundation and the National Institutes of 
Health. 
References 
[l] Knott-Hunziker, V., Orlek, B. S., Sammes, P. G. and 
Waley, S. G. (1979) Biochem. J. 177,365-367. 
[2] Chamas, R. L., Fisher, J. and Knowles, J. R. (1978) 
Biochemistry 17,2185-2189. 
[ 31 Cartwright, S. J. and Coulson, A. F. W. (1979) Nature 
273,360-361. 
[4] Fisher, J., Belasco, J. G., Chamas, R. L., Khosla, S. 
and Knowles, J. R. (1980) Phil. Trans. Roy. Sot. Lond. 
B. 289,145-155. 
An interesting aspect of the dansyl-penicilloyl- 
enzyme intermediate is the dependence of its fluores- 
cence on environmental factors. For example, in 5 M 
Gu . HCl, in which the native enzyme is denatured 
[ 191, the excitation and emission maxima of the 
acyl-enzyme at pH 2 are at 300 and 565 nm, respec- 
tively. In the absence of the guanidine, at pH 2, the 
fluorescence intensity is 30-fold greater with the 
excitation and emission maxima at 350 and 500 nm, 
respectively (not shown). We conclude that the dansyl- 
penicillinoyl-enzyme complex at pH 2 in the absence 
of Gu . HCI is not fully denatured, but retains at 
least some structure in the vicinity of the substrate 
binding site. However, since the intermediate does 
not deacylate significantly under these conditions 
the complex is not fully native either. This observa- 
tion indicates that not only is the dimethylamino- 
group of the fluorophor unprotonated in the latter 
instance, but that the binding site of the dansyl 
group on the enzyme is highly hydrophobic [20,21]. 
Raising the pH to 7 results in a rapid loss of a portion 
of this emission maximum at 500 nm and a concomi- 
tant red shift to 565 nm, with a much lower fluores- 
cence emission intensity, characteristic of free dansyl- 
penicilloic acid in aqueous solution. 
[5] Cohen, S. A. and Pratt, R. F. (1980) Biochemistry 19, 
3996-4003. 
[6] Charnas, R. L. and Knowles, J. R. (1981) Biochemistry 
20,2732-2737. 
[7] Fisher, J., Charnas, R. L., Bradley, S. M. and Knowles, 
J. R. (1981) Biochemistry 20,2726-2731. 
[8] Kemal, C. and Knowles, J. R. (1981) Biochemistry 20, 
3688-3693. 
(91 Fisher, J., Belasco, J. G., KhosJa, S. and Knowles, J. R. 
(1980) Biochemistry 19,2895-2901. 
[lo] Keiner, P. A., Knott-Hunziker, V., Petursson, S. and 
Waley, S. G. (1980) Eur. J. Biochem. 109,575-580. 
[ 111 Knott-Hunziker, V., Redhead, R., Petursson, S. and 
Waley, S. G. (1980) FEBS Lett. 121,8-10. 
[ 121 Thatcher, D. (1975) Nature 255,526. 
[13] Yocum, R. R., Rasmussen, J. R. and Strominger, J. L. 
(1980) J. Biol. Chem. 255, 3977-3986. 
[ 141 Waxman, D. J. and Strominger, J. L. (1980) J. Biol. 
Chem. 255,3964-3976. 
[15] Knott-Hunziker, V., Waley, S. G., Orlek, B. S. and 
Sammes, P. G. (1979) FEBS Lett. 99,59-61. 
[16] Cartwright, S. J. and Coulson, A. F. W. (1980) Phil. 
Trans. Roy. Sot. B. 289, 370-372. 
[17] Davies, R. B., Abraham, E. P. and Melling, J. (1974) 
Biochem. J. 143,115-127. 
[ 181 Cartwright, S. J. and Fink, A. L. (1982) in preparation. 
[19] Davies, R. B., Abraham, E. P. and Dalgleish, D. G. 
(1974) Biochem. J. 143,137-141. 
[20] Hartley, B. S. and Massey, V. M. (1956) Biochim. Bio- 
phys. Acta 21,58-70. 
These results provide the first definite evidence [21] Chen, R. F. (1967) Arch. Biochem. Biophys. 120,609-620. 
188 
